Background: Patients with resectable colorectal lung oligometastasis (CLOM) demonstrate a heterogeneous oncological outcome. However, the parameters for predicting tumor aggressiveness have not yet been fully investigated in CLOM. This study was performed to determine the prognostic value of histological growth patterns in patients who underwent surgery for CLOM. Methods: The study included 92 patients who were diagnosed with CLOM among the first resection cases. CLOMs grow according to three histological patterns: aerogenous, pushing, and desmoplastic patterns. The growth patterns were evaluated on archival hematoxylin and eosin-stained tissue sections. Results: The aerogenous pattern was found in 29.4% (n = 27) of patients, the pushing pattern in 34.7% (n = 32), the desmoplastic pattern in 6.5% (n = 6), and a mix of two growth patterns in 29.4% (n = 27). The size of the aerogenous pattern was significantly smaller than that of metastases with other patterns (p = .033). Kaplan-Meier analysis demonstrated that patients showing an aerogenous pattern appeared to have a poorer prognosis, which was calculated from the time of diagnosis of the CLOM (p = .044). The 5-year survival rate from the diagnosis of colorectal cancer tended to be lower in patients with an aerogenous pattern than in those who had a non-aerogenous pattern; however, the difference was marginally significant (p = .051). In the multivariate Cox analysis, the aerogenous pattern appeared as an independent predictor of poor overall survival (hazard ratio, 3.122; 95% confidence interval, 1.196 to 8.145; p = .020). Conclusions: These results suggest that the growth patterns may play a part as a histology-based prognostic parameter for patients with CLOM.
The term "oligometastasis" indicates an intermediate state (≤ 5 metastases) of malignancy that lies between a localized tumor and widespread metastases. 1 The implication of the concept of an oligometastatic condition is that metastatic disease may be cured with metastasis-directed, locally ablative therapies. 2 Colorectal cancer (CRC) is one of the most frequently reported malignant tumors in a surgical series of oligometastasis, 2 and early metastatic progression of CRC may present with oligometastatic disease. 3 The lung is the most common extra-abdominal organ of metastases from CRC, involved in 10%-25% of all patients with CRC. 4, 5 Evidence suggests that pulmonary metastasectomy is the standard therapy for patients with resectable lesions and has a better prognosis, with a 5-year overall survival rate of 36%-63%. 4, 6 However, patients who undergo complete surgical resection of these lesions reveal a heterogeneous oncological outcome; some experience recurrent disease and die within a short duration after pulmonary metastasectomy, whereas other patients live without recurrence of disease. [4] [5] [6] [7] [8] In previous studies, many authors have tried to clarify various prognostic parameters in patients undergoing pulmonary metastasectomies, including the number of metastatic lesions, diseasefree interval, pretreatment carcinoembryonic antigen level, and degree of mediastinal lymph node involvement. 5, 9 However, factors for classifying the potential aggressiveness have not yet been fully evaluated in colorectal lung oligometastasis (CLOM). Moreover, little is known about the histopathological features that determine prognosis after pulmonary metastasectomy. 10 Vermeulen et al. 11 reported three histological growth patterns with biological differences for colorectal liver metastases: (1) a replacement growth pattern, where tumor cells infiltrate the liver cell plates by replacing the hepatocytes and co-opting hepatic stroma and sinusoids; (2) a pushing growth pattern, where the metastatic tumor expands by compression of the surrounding liver parenchyma with parallel running to the tumor liver interface; and (3) a desmoplastic growth pattern, in which the metastatic tumor is separated by a fibrous rim from the liver parenchyma. Although the morphological classification described by Vermeulen et al. 11 has been reported in a few studies, the prognostic significance remains controversial in patients with colorectal liver metastasis. [12] [13] [14] [15] Furthermore, the significance of similar histological growth patterns has not yet been assessed in patients with CLOM. Therefore, we hypothesized that these histological growth patterns could help predict survival in patients with CLOM. This study was performed to determine the association of these three growth patterns of CLOM with standard clinicopathological parameters and also to determine the prognostic value of these growth patterns in patients who underwent surgery for CLOM.
MATERIALS AND METHODS

Patients and tissue samples
This study included 92 consecutive patients who were diagnosed with lung oligometastasis from colorectal adenocarcinoma among the first resection cases. The patients underwent curative lung resection for CLOM between 2004 and 2013 at Dong-A University Medical Center. We excluded patients who had another active cancer, more than five progressive metastatic sites, and a diagnosis of hereditary nonpolyposis CRC syndrome or familial polyposis. In addition, we excluded patients whose metastases showed a positive margin or cautery artifact due to the surgical procedure. 12 The final sample included 57 men and 35 women, with ages ranging from 31 to 83 years (mean age, 60.8 years). For each patient, the following demographic and clinicopathological factors were collected through a review of medical records: age, sex, differentiation grade of the primary tumor, location of the primary tumor, invasion depth of the primary tumor, lymph node status of the primary tumor, detection timing of CLOM in relation to detection of the primary tumor (synchronous or metachronous), number of CLOMs, diameter of the largest metastasis, and recurrence status. Synchronous lung metastasis had to be diagnosed during the diagnostic work-up or within 3 months following the diagnosis of CRC. CLOMs were defined as metachronous when they occurred at least 3 months after the diagnosis of CRC. 7 In patients who had undergone multiple resections for metastatic tumors, only the first resection was included in this study. The follow-up of patients began the month following CRC operation and ended at death or completion of follow-up (30 April 2017). All patients signed a written informed consent form to permit the use of their clinicopathological data for the purpose of the study. This retrospective study was approved by the required institutional review boards (IRB No. DAMC 15-141).
Histopathological evaluation
The growth pattern of CLOM was evaluated on archival 4 μm hematoxylin and eosin (H&E)-stained tissue sections cut from formalin-fixed, paraffin-embedded specimens from the tumorlung boundary. In patients with multiple metastases, sections of the lesion with the largest diameter were examined. The histological growth pattern of CLOM was characterized as the "aerogenoustype," the "pushing-type," or the "desmoplastic-type," according to the modified Vermeulen's procedure. 11 Briefly, in the aerogenous pattern, tumor clusters, nests, or single tumor cells spread into the air spaces in the lung parenchyma surrounding the edge of the tumor without destruction of the lung architecture and lung parenchyma, which were in close approximation, and showed no compression of the air spaces, desmoplastic stroma or inflammatory infiltrate. In the pushing pattern, the metastasis grew by compression of the lung parenchyma with parallel running to the tumor-lung interface without desmoplastic stroma, and only a mild inflammatory infiltrate. In the desmoplastic pattern, the metastatic tumor was separated from the lung parenchyma by a desmoplastic fibrous rim infiltrated with lymphocytes. There was no direct contact between tumor cells and lung parenchyma. Hence, a "mixed-type" growth pattern was defined as a histologic feature where at least two growth patterns existed, both patterns appearing in at least 20% of the tumor-lung interface. 13 Mixedtype metastases were included with a predominant primary growth pattern and one or two secondary growth patterns (Fig. 1 ). Two pathologists (S.Y.H. and M.S.R.) blinded to the clinicopathological information and outcome evaluated the H&E-stained slides of metastatic tumor nodules. The third pathologist (H.W.L.), who was also blinded to the clinicopathological information and outcome, resolved any discrepancy between the first two pathologists.
Statistical analysis
Comparisons between the growth pattern and clinicopathological factors were analyzed using a chi-square test for proportions and analysis of variance (ANOVA) test for continuous variables as appropriate. The patient survival rate was analyzed using the Kaplan-Meier method, and the log-rank test was used to determine if there were any significant differences between the survival curves. All variables that revealed a statistically significant difference on univariate analysis were entered into the multivariate analysis. A p < .05 was considered statistically significant. All statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) ver. 21 (IBM Co., Armonk, NY, USA).
RESULTS
Clinicopathological characteristics
The clinicopathological characteristics of the study participants are summarized in Table 1 . The patient population included 57 (62.0%) men and 35 (38.0%) women with a mean age of 60.8 years (range, 31 to 83 years). The diameter of the largest CLOM ranged from 0.4 to 7.0 cm, with a mean size of 1.8 cm. The histology of the primary tumor included 86 well-or moderatelydifferentiated adenocarcinomas (93.5%) and six poorly differen- In the aerogenous pattern, tumor clusters, nests, or single tumor cells spread into the air spaces of the lung parenchyma surrounding the edge of the tumor without destruction of the lung architecture, desmoplastic stroma, or inflammatory infiltrate. (C, D) In the pushing pattern, the metastasis grows by compression of the lung parenchyma, running parallel to the tumor-lung interface without desmoplastic stroma, and with only a mild inflammatory infiltrate. (E, F) In the desmoplastic pattern, the metastatic tumor is separated from the lung parenchyma by a desmoplastic rim infiltrated with lymphocytes. There is no direct contact between the tumor cells and lung parenchyma. tiated adenocarcinomas (6.5%). Fifty-four (58.7%) patients had a single CLOM, while 38 (41.3%) had multiple (2 to ≤ 5 metastases) CLOMs. Twenty-four patients (26.1%) had synchronous CLOM, and 68 (73.9%) patients had metachronous CLOM. Further, 42.4% of our cases were located in the rectum, 83.7% had a locally advanced tumor (stage T3 or higher), and 57.6% demonstrated lymph node metastasis at the time of diagnosis.
Histological growth patterns
Overall, the aerogenous pattern was found in 29.4% (n = 27) of the CLOMs, the pushing pattern was present in 34.7% (n = 32) of the CLOMs, the desmoplastic pattern was identified in 6.5% (n = 6) of the CLOMs, and the mixed pattern was found in 29.4% (n = 27) of the CLOMs (Table 1) . Among the CLOMs with a mixed pattern, the pushing pattern (63.0%) was the most predominant, and a combination of the pushing and aerogenous patterns (48.2%) was the most common mixed pattern. Only one metastasis displayed all three growth patterns.
Relationships between growth patterns and clinicopathological characteristics
The size of the aerogenous pattern (1.49 ± 0.54 cm) was sig- compared to a median survival of 64 months in patients with a non-aerogenous pattern, which was calculated from the time of diagnosis of CLOM (p = .044) (Fig. 2A) . The 5-year survival rate calculated from the diagnosis of CRC tended to be lower in patients with CLOM having an aerogenous pattern than in those with CLOM having a non-aerogenous pattern; however, the difference was marginally significant (p = .051) (Fig. 2B) Although there was no significant correlation between the location of CRC and the growth pattern, the aerogenous pattern seemed to occur more frequently in the rectum than the nonaerogenous pattern, and this difference was marginally significant (p = .058). The differentiation grade and invasion depth of the primary tumor (T category of CRC) and primary tumor lymph node status (N category of CRC) were not significantly correlated with the growth pattern of CLOM (each p > .05).
Survival analysis
Of the 92 patients included, 23 (25.0%) died during followup. Median survival was 61.0 months, and the median followup time was 52.1 months (range, 0.2 to 155 months). When matched against all four growth patterns, a Kaplan-Meier analysis demonstrated no significant differences in overall survival according to the four growth patterns calculated from the diagnosis of CLOM or CRC (data not shown). However, the difference was more significant when patients were divided into two groups, with one group including patients with metastases having an aerogenous pattern and the other group including those with metastases having a pushing, desmoplastic, or mixed pattern.
Patients showing an aerogenous pattern appeared to have a poorer prognosis with a median survival time of 58 months 
DISCUSSION
In the present study, Kaplan-Meier and Cox regression analyses showed the prognostic significance of the histological growth patterns, as the aerogenous pattern seemed to be an independent prognostic factor for poor overall survival. This is one of few works to analyze the histopathological prognostic factors for classifying the potential of tumor aggressiveness in CLOM after pulmonary metastasectomy. If the present results can be reaffirmed, we recommend recoding the aerogenous pattern as a routine prognostic biomarker in the pathology report of CLOM.
The first possible mechanism behind these findings is explained by the new concept of spread through air spaces (STAS). Prior to the definition of STAS, one early study indicated that an aerogenous tumor spread and free floating cell clusters from metastatic CRC are unfavorable prognostic features. 10 In a new statement regarding the invasiveness of primary lung adenocarcinoma, STAS have been recognized as an additional pattern of tumor invasiveness. Although the concept of STAS is still evolving, STAS consists of micropapillary clusters, solid nests or single cells beyond the edge of the tumor into the air spaces in the surrounding lung parenchyma. 16 The loss of cell-to-cell adhesion or anchorage-independent growth of cancer cells may contribute to STAS. 10 The presence of STAS in lung adenocarcinoma suggests a high risk of recurrence and invasion and is thus an important prognostic factor. 17 We consider CLOM that has an aerogenous pattern to be comparable with STAS in primary lung cancer tumors. Although the definition of cancer infiltration into the surrounding lung parenchyma is different from that occurring in the liver, the aerogenous pattern is compatible with the replacement pattern of Vermeulen's procedure. 11 The second possible explanation is that non-aerogenous metastases offer a benefit by incorporating the supporting architecture endogenous to the lung, as in colorectal liver metastasis. At the leading edge of CLOM, direct dynamic interaction between metastatic tumor and host cells, mediated by various kinds of cytokines, chemokines, or growth factors, may show tumor-promoting properties. 12, 18, 19 Although our findings are interesting, there are several limitations to the present study. First, our study is retrospective, and it is limited by the fact that there was variation in the treatment protocol and modality before and after resection and also by the fact that responses to each treatment option were not evaluated in the survival analysis, possibly resulting in selection bias. Preoperative neoadjuvant therapy may also have influenced the morphology of growth patterns. However, we feel these limitations are outweighed based on Nielsen's opinion 13 that the histologic findings of a growth pattern are really relevant, as the cohort reflects the actual patient status from a clinical point of view, although the survival data may not completely reflect the prognostic significance of growth patterns. Second, growth patterns were evaluated on the basis of only one tissue section per patient and included only the first metastasectomy, even for patients with multiple metastases that took place at different times. One study assessed the growth pattern of recurrent liver metastases and reported that 27.3% of recurrent metastases showed a different growth pattern than the first metastasis, while 31.8% of recurrent metastases had a partly new growth pattern. 13 Therefore, the growth pattern does not appear to be a host-specific feature. 20 As the metastasis advances, the morphology of the tumor-lung interface can change either with the accumulation of desmoplastic stroma or with STAS when the speed of tumor growth exceeds the spread rate at the invasive front, which has been similarly reported in the liver. 13, 21 Third, a mixed-type was found in 29.4% of cases, and the pushing growth pattern was predominant (63.0% of these cases). Moreover, 48.2% of these cases showed a combination of pushing and aerogenous growth patterns. Regarding the idea of STAS, the quantity of the aerogenous pattern might also be an important prognostic parameter. 22 However, we could not demonstrate the intermediate survival rates for patients with CLOM having a mixed pattern, which reflects a heterogeneous tumor with both an aggressive aerogenous pattern and other more indolent patterns. Moreover, the case numbers of the combination subgroups of mixed pattern were too small for statistical evaluation to determine the prognostic effect according to the constituent parts of growth pattern. Another limitation of our study was that the number of patients showing each growth pattern was small, especially the desmoplastic subgroup, as previously discussed; therefore, this study may have been underpowered to detect some differences.
Despite these limitations, this study is the first to evaluate the histology-based prognostic factors for classifying the potential of tumor aggressiveness in the setting of pulmonary metastasectomy for CLOM. However, the current findings must be reproduced, and further investigation is needed to determine the clinical implications and the biological mechanism of growth patterns of CLOM in a well-adjusted study. A concomitant study of diverse metastatic mechanisms, including the complicated interaction with the lung microenvironment, might be helpful to understand the significance of histologic growth patterns of CLOM.
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